The bacterial toxin-antitoxin system CcdB-CcdA provides a mechanism for the control of cell death and quiescence. The antitoxin CcdA protein is a homodimer composed of two monomers that each contain a folded N-terminal region and an intrinsically disordered C-terminal arm.
Introduction
Bacterial toxin-antitoxin (TA) modules regulate cell death and quiescence in nearly all freeliving bacteria. 1, 2 In these systems, an antitoxin inhibits its cognate protein toxin, thereby preventing the toxin from disrupting essential cellular processes. When antitoxin levels fall, either through increased degradation or decreased production, the free toxin is activated to kill the cell or halt cell growth. A key feature of antitoxins is their lack of stable structure, which causes them to have shorter lifetimes than the toxins they are inhibiting. TA modules were originally ascribed the role of plasmid maintenance, as plasmid-encoded TA modules ensure that only cells containing the corresponding plasmid (and able to produce antitoxin) are viable. 3, 4 Additional roles in programmed cell death and persistence in response to stress have since been conjectured. For example, the ability of several cells within a colony to become dormant in response to life-threatening stresses allows those persistent cells to survive and repopulate the colony after the stress has ended. 5, 6 Bacteria cells can contain many co-existing toxin-antitoxin modules; e.g. M. tuberculosis contains almost 80 distinct TA modules and E. coli contains over 30. 7, 8 It has been hypothesized that bacteria that move between different environments have more TA systems which allow precise tuning of a cellÕs response to environmental stress via the ratio of antitoxins to their cognate toxins. 9 Altogether, TA systems form an intricate and versatile system for regulating cell-fate.
The ccd (Ôcontrol of cell deathÕ) gene system, carried on the E. coli F plasmid, codes for the CcdB toxin and the CcdA antitoxin. 10 Ccd regulates cell fate via several mechanisms: 1) Under conditions conducive to cell growth, CcdA binds to CcdB, forming a complex that prevents
CcdB from binding and inhibiting DNA gyrase [11] [12] [13] ; 2) CcdA can disrupt existing complexes between CcdB and DNA Gyrase, thereby freeing DNA Gyrase Ð in this manner CcdA can ÒrejuvenateÓ DNA Gyrase molecules made defective by CcdB [13] [14] [15] ; 3) CcdA and CcdA-CcdB complexes can bind the ccd promoter-operator region along the F plasmid to regulate transcription of both CcdA and CcdB. [16] [17] [18] Whether a bacterium lives, dies, or enters a quiescent state depends largely on the relative concentrations of both CcdA and CcdB, and the cell uses a variety of mechanisms to regulate the ratio of antitoxin to toxin.
The CcdA antitoxin exists as a homodimer formed from two 72-residue monomers. The dimer consists of a folded N-terminal domain (NTD) involving residues 1-40 of each monomer and two intrinsically disordered C-terminal arms formed by residues 41-72 of each monomer. The NTD has a ribbon-helix-helix fold that binds DNA 19 , and the C-terminal arms are responsible for binding CcdB; i.e., each C-terminal arm can bind and thereby inhibit one CcdB molecule. 15 The C-terminal arms also play a role in CcdA catabolism, as they contain the major cleavage sites for Lon protease, the enzyme responsible for CcdA degradation. 20 Structural studies of CcdA, and the disordered C-terminal arms in particular, can therefore provide insight into mechanisms that regulate cell-fate.
In light of the important regulatory roles performed by the intrinsically disordered C-terminal arms of CcdA, our goal is to characterize the thermally accessible states in the native ensemble of apo CcdA. Due to their flexibility, intrinsically disordered regions, like the C-terminal arms of CcdA, present a challenge for traditional structure-determination methods. For intrinsically disordered proteins (IDPs) in general, recent computational and experimental advances have provided insights into a number of normal and pathological cellular processes. [21] [22] [23] [24] [25] [26] In the present study, we build off of these advances to map the conformational free energy surface of CcdA, paying particular attention to the disordered C-terminal arms. Our free energy simulations are compared to experimental data from single-pair Fšrster resonance energy transfer (spFRET) and existing NMR measurements. We then propose how the conformations within CcdAÕs freeenergy surface enable it to both bind CcdB and regulate cleavage by Lon protease.
RESULTS AND DISCUSSION

CcdA preferentially adopts closed and partially open states
CcdA fluctuates between several conformational states when not bound to CcdB. 19 Figure 1A -B). In the closed-NMR structures, both C-terminal arms fold back against the structured NTD ( Figure 1A ). To be consistent with the observed NOEs, the closed-NMR structures have contacts between C-terminal residues Ala66
and Asp67 and N-terminal residues Tyr20, Val22 (from the same monomer) and residue Leu39Õ
(from the other monomer). 19 In the extended-NMR structures, the C-termini are modeled as having no contacts with the NTD and adopt an ensemble of extended conformations, corresponding to the random coil-like set of chemical shifts for which no long-range NOEs were observed ( Figure 1B) . 19 While three sets of resonances were observed, the data were insufficient to build a NMR model for the third state. 19 In this work we employ a combined computational/experimental approach to study the conformational ensemble of CcdA. To determine the ensemble of structures sampled by CcdA in solution, we first calculated the free energy of CcdA as a function of radius of gyration (Rg) using umbrella sampling coupled with explicit-solvent molecular dynamics simulations (see Methods). The resulting free-energy surface has a well-defined global energy minimum and several shallow local minima ( Figure 1C ). Structures within the lowest energy state are compact in the sense that both C-termini arms (C1 -residues Ala41-Trp72 monomer 1; and C2 -residues Ala41Õ-Trp72Õ monomer 2) are folded back against the structured NTD ( Figure 1C , Conformer I R ). Outside of the free energy minima, several less compact conformations are sampled (e.g. Figure 1C , conformers II R and IV R -VI R ).
We classified the structures sampled by apo CcdA into three representative states, in a manner similar to what was done in the aforementioned NMR study by Madl et al. 19 For this classification, we required a definition for a contact between a C-terminal arm and the structured N-terminal. Since C-terminal residues Ala66 and Asp67 are involved in long-range NOEs with residues in the NTD 19 , we focused on the region around these residues in defining a contact.
Specifically, we say that a C-terminal arm contacts the NTD when the C α -atom of either residue Additionally, because long-range NOEs were observed between C-and N-terminal residues, we examined the inter-residue contacts observed in the theoretical closed state models ( Figure 2C -F). Specifically, for conformers belonging to the closed state, we determined average intra-and inter-monomer contact maps using the Boltzmann probabilities derived from the free energy profile (also known as the potential of mean force or PMF) (See Methods). The closed-state contact maps agree qualitatively with the contacts deduced from the experimental NOEs (circled in Figure 2E -F). That is, the general trend of C-terminal residues Ala66-Arg70 contacting Nterminal residues Ala19-Val22 is consistent with the experimentally observed NOEs, while the specific residues vary slightly from those residues for which strong NOEs were observed (residues Ala66 and Asp67 to residues Tyr20, Val22, and Leu39Õ, Figure 2C -D). We note that the NMR study was performed on a CcdAR70K mutant and, although this corresponds to a conservative mutation, Arginine to Lysine mutations can have destabilizing effects on protein structure 27, 28 . Moreover, this substitution, which occurs near the C-terminal residues that are involved in long-range NOEs (i.e., residues A66 and A67), may affect the specific contacts involved in the closed state. Nevertheless, although the interaction with residue Leu39Õ was not observed in the inter-monomer contact map, contacts were detected between C-terminal residues Asn62-Ser64 of one monomer with N-terminal residues Leu39Õ-Asn42Õ of the other monomer Lastly we note that the closed state has an ensemble-averaged Rg of 16.4•, which is equal to the average Rg of the closed-NMR structures. By contrast, the extended-NMR structures have an average Rg of 26.9 •, which corresponds to a highly unfavorable free energy (greater than 12kcal/mol) according to our free-energy surface ( Figure 1C ). Since long-range NOEs were not observed for residues in the C-terminal region of the extended-NMR structures, the corresponding C-terminal residues were modeled as being extended and solvent exposed Ð a common assumption when modeling random coil structures. However, our data argue that such extended structures are rarely sampled.
Insights into the structure of CcdA using spFRET
To assess the range of conformations accessible to CcdA in solution, we used spFRET to quantify inter-monomer distances sampled by CcdA 35 . CcdA was expressed and purified as described in the Supplementary Information and native mass spectrometry experiments verified that the protein is primarily dimeric. The molecular weight of the CcdA dimer measured by native mass spectrometry was 16745.5Da, which agrees well with its theoretical molecular weight of 16744.7Da ( Fig. S2 and Table S1 ).
For the spFRET experiments, we added donor and acceptor fluorophores to the C-terminal arms of the protein.
As there is no Cysteine naturally present in the C-terminal of CcdA to which a fluorophore could be attached, we first created a mutant protein in which one residue from each monomer was mutated to Cysteine. We selected residue F58 for this mutation due to its central location in the disordered C-terminal domain, in addition to the assumption that placing a fluorophore in a position that already accommodates a residue with a large side chain would minimize any perturbation to the structure ( Figure 5A ). The measured FRET efficiencies for the mutated CcdA protein were then transformed to distances using parameters as described in the Methods. Low-FRET states correspond to relatively long inter-monomer distances, and high FRET states correspond to relatively short inter-monomer distances.
SpFRET analysis of F58C CcdA, with donor and acceptor fluorophores attached to residue C58, shows a bimodal distance distribution ( Figure 5B , middle panel). For direct comparison with the free energy profile of CcdA, we transformed the PMF to an axis describing the inter-monomer distances between residue F58-F58Õ C α Ðatoms ( Figure 5B , top panel; Figure S3 ). The low-FRET state samples distances near 45•, around which we also see a broad local energy minimum in the PMF (I D , Figure 5B ). Representative structures from this local energy minimum correspond to closed conformations ( Figure 5C ). By contrast, the high-FRET state samples distances near 30•, which corresponds another local energy minimum in the transformed PMF of CcdA (II D , Figure   5B ), and this state is populated by both partially-open and closed conformations ( Figure 5C ).
Altogether the spFRET data are wholly explained by the free energy simulations that demonstrate that CcdA preferentially adopts closed and partially-open states. For comparison,
we also computed the inter-monomer F58-F58Õ distances within the previously constructed NMR structures ( Figure 5B bottom panel, Figure 1A -B). While both the closed-NMR and extended-NMR structure models sample a range of inter-monomer distances, the bimodality apparent from spFRET distance distribution is not apparent in the NMR models.
CcdB-binding-competent structures are enriched in apo CcdAÕs partially open state
The CcdB toxin has two partially overlapping bindings sites for CcdA that can simultaneously bind two C-terminal arms from distinct CcdA molecules ( Figure 6A-B) . 15 The binding sites have different affinities for CcdA. 15 In the low-affinity binding site, a C-terminal arm from
CcdA binds CcdB with residues R40-M61 and forms an alpha helix, which we refer to as S1, while residues N62-W72 remain disordered. In the high-affinity binding site, a C-terminal arm from a different CcdA dimer binds CcdB through both an extended S1 (R40-G63) and a second short structure with a turn involving residues S64-W72, which we call S2. 15 We explored whether either C-terminal arm of apo CcdA adopts conformations similar to S1 or The fact that the open C-terminal arm of CcdA samples states that are similar to S2 raises interesting questions about the mechanism of CcdA binding to CcdB. Since it is known that a peptide composed of only residues F65-W72 is sufficient to partially restore Gyrase activity after inhibition of Gyrase by CcdB, it has been postulated that binding of these residues, which form S2 when bound to CcdA, triggers an allosteric mechanism that releases CcdB from Gyrase. 15 Our data suggest that residues S64-W72 in CcdAÕs open arm sample a structure similar to S2, and consequently that such structures are pre-formed to bind CcdB.
Specific CcdA conformations are recognized by Lon protease
CcdA is cleaved by ATP-dependent Lon Protease at specific known sites. 20, 36 However, Lonmediated cleavage occurs via a number of steps, beginning with substrate recognition, and CcdAÕs Lon recognition sites are not known. It is known, however, that Lon Protease recognizes clusters of hydrophobic residues within sequences as short as seven to twenty residues and that these recognition sites have certain hallmarks, such as aromatic residues and high surface-burial scores (e.g. greater than 140). 37 We thus screened the CcdA sequence for the seven to twenty residue long subsequence with the highest surface-burial score ( Figure 7A , Figure S4A ).
38,39
Residues R37-W44 (RRLRAERW) had a surface-burial score of 154.8, suggesting that Lon may recognize this sequence.
Our data suggest that this potential Lon recognition site (residues R37-W44) is significantly more solvent exposed in monomer 1 than in monomer 2 (the monomer whose C-terminal more frequently adopted open states during the free energy simulations) ( Figure 7B ). Closure of a Cterminal arm involves formation of contacts between residues N62-S64 of that arm with residues L39Õ-E42Õ from the other monomer ( Figure 2F ). Therefore, opening of one C-terminal arm necessarily exposes the predicted Lon recognition region on the other monomer. This is illustrated in Figure 7C , which shows the solvent-accessible surface of a representative conformation of CcdA from the simulation window with free energy of 0.34kcal/mol. C1
partially blocks the predicted recognition site on monomer 2, while the position of C2 exposes the predicted recognition site on monomer 1 to solvent.
Since CcdB is known to protect CcdA from cleavage, we also computed the relative SASA for the predicted recognition site within the CcdBÐbound structure (shown in Figure 6A ) to determine whether these residues are buried when bound to CcdB. Mean relative SASA of residues R40-W44 (for which structural information was available in both the low-affinity and high-affinity bound conformers) was 0.27 +-0.13. Notably, aromatic residues are key components of Lon recognition sites, and W44 had a relative SASA of 0.11 in the low-affinity bound conformer and 0.22 in the high-affinity bound conformer. In contrast, for e.g. the window with a free energy of 0.34kcal/mol (for which a representative conformation is shown in Figure   7C ), W44 has a relative SASA of 0.55 +-0.08 in monomer 1 (exposed site), and of 0. Even when multiple resonances for a given nucleus is observed, it is difficult to know whether this reflects the existence of different symmetric homodimer structures or the presence of an asymmetric homodimer conformation. Therefore, to create structural models from such data simplifying assumptions are needed; e.g., that the homodimer itself has a symmetric structure.
The result is that by using the set of folded-like chemical shifts and NOEs observed by NMR for CcdA, it is not possible to distinguish between the closed state and the partially open state ( Figure 2E-F, Figure 3 ). The existence of multiple conformational states adds to the challenge:
the inter-proton NOEs of proteins that sample multiple conformations will be biased towards conformations in which the protons of interest are closest together. 40 Apart from the challenge of interpreting the NMR data, the NMR experiments on CcdA used a CcdAR70K mutant in place of wild-type CcdA to reduce proteolytic cleavage of the protein. Since residue R70 is close to residues in the C-terminal arm (residues A66 and D67) that form NOEs with residues in the Nterminal region, this mutation, in addition to the conditions of the NMR experiment, may affect the structure in the region where contacts are formed between the folded N-terminal domain and the disordered C-terminal arms.
Our data demonstrate that the previously measured NMR observables are consistent with a model where the protein can adopt a closed state, an open state and a partially open state. We used spFRET to study the structure of the protein in solution and compare these results to insights obtained via our free-energy simulations. 33, 34 Agreement between the distance distributions obtained from spFRET and the corresponding ensemble-averaged distributions from the free energy landscape demonstrate that the free energy landscape better models the native ensemble of CcdA than the structures derived from the NMR data. These observations highlight that care needs to be taken when interpreting NMR experiments on disordered homodimeric proteins. In such cases we believe that detailed calculations of the underlying free energy surface should play an important role in the interpretation of experimental results. (Table S2 ). 
